(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) Internationa] Publication Date 
22 March 2001 (22.03.2001) 




PCT 



III 



(10) International Publication Number 

WO 01/20480 A2 



(51) International Patent Classification 7 : G06F 17/00 

(21) International Application Number: PCT/US00/24206 

(22) International Filing Date: 31 August 2000 (31.08.2000) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

09/397,818 17 September 1999 (17.09.1999) US 

(71) Applicant: i TECHNOLOGIES, INC. ITJS/US]; 11701 
Luna Road, Dallas, TX 75234 (US). 

(72) Inventor: CLINE, Kevin, A.; Apartment 1435, 5665 Ara- 
paho Road, Dallas, TX 75248 (US). 

(74) Agent: KENNERLY, Christopher, W.; Baker Botts 
L.L.P., 2001 Ross Avenue, Dallas, TX 75201-2980 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AT 
(utility model), AU, AZ, BA, BB, BG, BR, BY, BZ, CA, 



CH, CN, CR, CU, CZ, CZ (utility model), DE, DE (utility 
model), DK, DK (utility model), DM, DZ, EE, EE (utility 
model), ES, FI, FI (utility model), GB, GD, GE, GH, GM, 
HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KR (utility 
model), KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, 
MK, MN, MW, MX, MZ, NO, NZ, PL, PT, RO, RU, SD, 
SE, SG, SI, SK, SK (utility model), SL, TJ, TM, TR, TT, 
•TZ, UA, UG, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, OF, CG, 

CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— Without international search report and to be republished 
upon receipt of that report. 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



< 



(54) Title: BINARY TREES FOR DETECTING INVENTORY PROBLEMS IN AN ENTERPRISE MODEL 

(57) Abstract: A binary tree structure for detecting inventory problems. A first embodiment detects on-hand inventory problems. 
A second embodiment detects inventory requirements problems. Bom embodiments use a binary tree whose nodes store time values 
and delta values (FIGURE 2). The delta values represent inventory consumers or producers (FIGURE 6). The time values of trees 
used for inventory requirements problems are shifted in accordance with build-ahead times (FIGURE 6). 
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BINARY TREES FOR DETECTING INVENTORY PROBLEMS 
IN AN ENTERPRISE MODEL 

TECHNICAL FIELD OF THE INVENTION 

This invention relates to computer data structures 
and algorithms, and more particularly to a binary tree 
data structure for representing a time -varying function 
and to algorithms that use the data structure, for 
applications related to inventory management . 

BACKGROUND 

As applications for computer software get 
increasingly complex and sophisticated, so does the need 
for efficiency in performance of the software. An 
example of complex software is the "enterprise" software 
being used to model the operation of businesses, such as 
manufacturers or service providers. The enterprise model 
often includes time-varying quantities, such as 
inventory. 

Enterprise software typically permits the user to 
enter queries about time-varying quantities. Sometimes 
the query might be a simple " function value" type of 
query, such as, "How many on hand at time t?" . However, 

a more practical " find" type °f query asks for 

earliest/latest or maximum/ mini mum information. For 
example, a query seeking both "earliest" time and 
"minimum" amount information might ask, "Find the 
earliest time greater than t at which we will have a 
minimum of n units of material on hand?" . 
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One approach to solving queiries involving time- 
varying variables is to represent values of the variable 
with a "binary tree" . A binary tree is a type of data 
structure known in the art of algorithms, which arranges 
5 data hierarchically. The tree may be queried to obtain 
data about the variable. 

One available enterprise model, at one time 
manufactured by Optimax Corporation under the trademark 
OPTIFLEX, used a binary tree to represent a time varying 
10 function. At each node, certain values relative to the 
"subtree" of that node were stored. 

SUMMARY OF THE INVENTION 

One aspect of the invention is a computer- readable 
15 medium for storing programming operable to provide on- 
hand inventory data. Specifically, the software performs 
an inventory query method that accesses data stored in a 
binary tree. 

To create the binary tree, the inventory is 
20 represented in terms of a function that is a series of 
time value and function value pairs. From this function, 
a balanced binary tree is created. Each node of the tree 
has an associated time value and delta value representing 
a change in value of the function. Each node stores a 
25 producer delta or a consumer delta, with each producer 
delta having a positive value and each consumer delta 
having a negative value. 

The method involves accessing the tree in response 
to a query, and using delta values obtained during the 
3 0 accessing step to determine at least one function value 
that represents inventory quantity at a certain time. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 is an example of a time-varying function, 
to be represented with a binary tree data structure in 
accordance with the invention. 

FIGURE 2 illustrates the binary tree structure, as 
well as the delta values stored at each node and other 
data that can also be stored. 

FIGURE 3 illustrates an example of a particular 
t i me - varying f unct ion . 

FIGURE 4 illustrates a binary tree representing the 
function of FIGURE 3 . 

FIGURE 5 illustrates a simple query system that uses 
the binary tree of the present invention. 

FIGURE 6 illustrates an example of an inventory flow 
with consumers, producers, on-hand delta values, and 
inventory requirements delta values. 

DETAILED DESCRIPTION 

Binary Tree with Delta Nodes 

FIGURE 1 illustrates a time varying function, f(t), 
which is to be represented as a data structure in 
accordance with the invention. . The function can be 
expressed as a set, S, of ordered pairs, S = (Xi, 5(Xi)) 

= {(tl, 6(tl)), (t2, 6(t2)), (tn, 6(tn))}, such that 

the value of f (t) at any time T is f (T) = 6 (XI) + 6(X2) + 
....+ 6 (Xn) with n <, t. A function represented in this 
manner is sometimes referred to as a "fluent" function. 

Expressed less formally, f (t) can be expressed as a 
sequence of delta (6) values in increasing order pf_ time. 
It is assumed that the initial value of F(t) is 0 . It is 
further assumed that the values of t and 6 are real 
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values. The value of f(t) at a particular time, T, is 
computed by adding all the delta values that come before 
that time. 

In practical application, f (t) might be an amount of 
inventory. Over time, the -amount of inventory changes, 
giving rise to delta values, as inventory is shipped out 
and replenished. Throughout the operation of an ongoing 
enterprise, new deltas (plus or minus) are continually 
being added to the function. Meanwhile, queries about 
the amount of inventory are being made. As illustrated 
by the examples in the Background, there might be a need 
to know f(t) at a specified time t or a need to know a 
time at which at least a specified value of f (t) will be 
available, i.e., an amount £ Y. 

FIGURE 2 illustrates the binary tree structure of 
the present invention, as well as the data stored at each 
node and the functions that may be called at a node. 

Each node, N , stores the following values: t (NK, 
8(N), Net (N) , Min(N), and Max (N) . Each node of the tree 
corresponds to a member of the set of ordered pairs 
described above in connection with FIGURE 1. Thus, at 
any node, the stored values t and 6 are an ordered pair 
associated with f(t). The stored data are used during 
traversal of the tree to solve queries to the tree. 

The tree is balanced, in that the root node divides 
the members of f (t) in half. In other words, half the 
members of f (t) are to the left of R and half are to the 
right (within a margin of one to cover the case of an 
even number of nodes) . Thus, for example, if f (t) has 
n+1 members, n/2 members are to the left of the root node 
and n/2 members are to the right of the root node. As 
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new deltas occur sand f (t) acquires hew members, new nodes 



which causes the values stored in the root node to 
change. A special case is when the new node has a value 
5 of t that is the same as an existing node, in which case 
the values stored in the node are updated. 

Each node has an associated time span that is 
determined by its position in the tree. The root of the 
tree, at node R, corresponds to the entire time span of 
10 f(t), i.e., the "root time span", which is fror^^~ to 



Thus, for the root node, -*> > t < +°°. The root node 
partitions this time span into two parts, one associated 
with the subtree to the left of R and one associated with 
the subtree to the right of R. Likewise^ each node under 
15 the root node partitions its associated time span into 
two parts. Thus, going down the tree, the nodes' 
subtrees represent smaller subdivisions of the root time 
span. Leaf nodes, such as nodes L4 and R4 , have no 
subtree . 

2 0 As stated above, each node N stores the following 

associated values: 

t (N) = time at which a delta occurs 
6(N) = value of delta at t 
Net (N) - sum of deltas in the subtree 
25 Max (N) = maximum cumulative change in the subtree 

Min(N) = minimum cumulative change in the subtree 

The latter three values are calculated from 
values of members of node N's subtree. 

Net (N) , defined above as the sum of deltas in the 

3 0 subtree (which includes the delta of the node itself) , 

can be calculated as the difference between the function 



are added . 



The tree is re-balanced when appropriate, 




) 0120480A2J_> 



WO 01/20480 



PCT7US00/24206 



value immediately after the last delta in the subtree and 
the function value immediately before the first delta. 
In other words, the net value is determined from a "start 
value", S(N),> and "end value", E (N) , associated with the 
5 subtree of any node, N . The "start value" for a node is 
the value of f (t) immediately before the earliest (left- 
most) delta in the node's subtree. The "end value" is 
the value immediately after the last (right most) delta 
in the node's subtree. The end value is also the start 

10 value plus the net value, or E (N) = S (N) + Net (N) . 

For the root node, the start value is zero, or S (N) 
= 0. At all times after the last delta, the value of 
f(t) is the net value of the root, Net (R) . This is 
because at the root, the end value is the same as the 

15 last value and the start value is zero. For a leaf node, 
the net value is the same as the delta value, or Net (N) = 
6(N) . 

The start value and end values, S (N) and E (N) , are 
not stored. However, as the tree is traversed from the 
20 root node to a leaf node, S (N) can be calculated at each 
node. If N is a parent node, and L and R are its left 
and right children, then S (L) = S (N) because they have 
the same leftmost delta. The value of S (R) can be can 
determined from known and stored values: S (R) = S (N) + 

25 Net (L) + 6 (N) . 

Min(N) is the lowest function value relative to S (N) 
achieved at any point in the node's subtree. In other 
words, the lowest function value reached in the time 
interval associated with a node N is S (N) + Min(N). 

3 0 Min(N) does not represent a "weak" lower bound the 
value of f (t) is guaranteed to reach S (N) + Min(N) in the 
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time interval. Max (N) is like Min'(N) , except that it is 
the highest function . value relative to S (N) . 

If the node is a leaf node, Min(N) is the minimum of 
zero and 6 (N) . This is because if 5 (N) is positive, the 
5 lowest value is S (N) , which is the value before t (N) . 
Similarly, for a leaf node, Max (N) is the maximum of zero 
and 6(N) . 

For any non-leaf node N, with left and right 
children L and R: 
10 Net(N) - Net(L) + Net (R) + 6 (N) 

Min(N) = minimum of Min(L) and (Net (L) + 6 (N) + 
Min(R) ) 

Max (N) = maximum of Max ( L ) and (Net (L) +6 (N) + 
Max (R) ) 

15 . The calculation of Min(N) can be explained as 

follows. As stated above, S (N) = S (L) and S (R) = S (L) + 
Net (L) + 6(N). Because Min(R) is relative to S (R) but 
Min(N) is relative to S (N) , it is adjusted by S (R) - S (N) 
to determine whether the minimum value reached under R is 

20 the minimum value reached under N. S (R) - S (N) = Net (L) 
+ 6(N). Thus, the calculation of Min(N) considers the 
minimum value reached under each child's subtree, with 
the right-hand subtree minimum adjusted for the 
difference in start values. 

25 As is evident from the above discussion, the data 

stored in a node is local to that node's subtree. The 
data does not depend on values before or after the time 
interval associated with the subtree. Each node stores 
at least one "subtree value" (Net (N) , Min(N), or Max (N) ) , 

30 each of which represents a relative contribution of the 
subtree to a function value. 
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As explained below, when the tree is traversed for 
solving a query, these subtree values are used to 
calculate absolute values from which function values are 
determined. More specifically, the Net (N) subtree value 
5 is the basis for calculating the function value at that 
node. The Min(N) and Max (N) subtree values are the basis 
for calculating maximum and minimum bounds of function 
values within the subtree. 

10 Operations on Binary Tree with Delta Nodes 

An Insert Delta operation is used to insert a new 
delta. For example, suppose a delta at time t with value 
6<t) is to be inserted. The tree is traversed 

downwardly, looking for the leaf node under which the 

15 node must be inserted in order to preserve the time- 
ordering relation in the tree. The new node is inserted 
it as a leaf node under the previous leaf node. Because 
this new node is a leaf node, its Net, Min, and Max can 
be calculated. Then, the "update" operation is performed. 

20 This operation can be performed in time O(log n) in a 
height -balanced tree with n delta nodes. 

A Change Delta operation is similar to the Insert 
Delta operation. The tree is traversed downwardly from 
the root node until arriving at the node to be changed. 

25 Its value is changed, and an Update Delta operation is 
performed. This operation is also performed in time 
0(log n) with n delta nodes inserted in a height -balanced 
tree . 

An Update Delta operation deals with the effect of a 
3 0 change in the delta of a node. First, the time of the 
changed delta is tested against the root node. If the 
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changed delta is to the left (in th4 left sub- tree) , then 
the descendent nodes to the right of the root node do not 
need to be changed. This is because the stored values for 
each node are local to each tree branch. As the only 
5 branch that was changed was the left one, the right 
branch and all the corresponding nodes remain unchanged. 
The same applies if the node being changed is located in 
the right sub- tree. 

The root node itself will have its Net, Min, and Max 

10 values updated. Going down the tree, the visited nodes 
are marked until the node being changed is reached. 
These are the only nodes that need to be updated, because 
they correspond to time intervals containing the node 
being updated. This operation can be performed in time 

15 O(log n) in a height -balanced tree with n delta nodes. 

A Calculate Function Value operation, explained by 
example in connection with FIGURES 3 and 4, returns the 
function value at a given time point. The tree is 
traversed to the node, N, immediately before the time in 

20 question. The function value is S (N) - Net (L) + 6 (N) , 
where L is the left child of N. The complexity is 0(log 
n) with n nodes in a height -balanced tree. 

Various Find operations include Find Earliest, 
Find latest, Find Maximum, and Find Minimum. 

25 The Find Earliest operation, explained by example in 

connection with FIGURES 3 and 4, returns the earliest 
time, t, when the function value is less, less or equal, 
greater, greater or equal than a specified value, y. At 
each node, its left child is visited first, then, the 

30 right child, thus the nodes with earlier times are 
visited first. At each node, this operation makes use of 
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the Max and Min values and the bounding box explained 
above. Because the bounding box sometimes provides a 
u maybe" rather than a certainty, both the left and right 
nodes must sometimes be searched. Nevertheless, the 
search complexity is O(log n) in a height -balanced tree 
with n nodes. 

A Find Latest operation is similar to the Find 
Earliest operation, with the difference that right 
children are visited first, because the query is for the 
latest time point that satisfies the search criteria. The 
search complexity is the same . 

The Find Maximum and Find Minimum operations find 
the maximum or minimum function value over a specified 
time interval. Like the other Find operations, these 
operations use the Max and Min fields at each node and 
can be performed in O(log n) time. 

Example of f (t) with Delta Nodes 

FIGURE 3 illustrates an example of a function, f(t), 
defined by six pairs of (t, 5t) values. Each t value has 
a corresponding 6 value and a corresponding function 
value (after 8). Prior to the first 6 value at t = 1 , 
the function value is zero, or f(t) = 0. Thus, the 
function value is zero from negative infinity to t = 1 - 
After the last 6, the function holds the final value, 
thus f(t) =3 from t = 7 to positive infinity. At any 
particular time, t, there is a function value just prior 
to t and a function value just after. There may or may 
not be a 8 at any given time point the deltas may 

remain constant during some time increments. 
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FIGURE 4 illustrates a binary ' tree built from the 
function of FIGURE 3 . Each node is illustrated with its 
stored node values, t (N) , 6(N) , Net (N) , Min (N) , and 
Max (N) . For purposes of explanation, S (N) , a calculated 
start value associated with the node's subtree, is also 
shown. 

To perform the Calculate Function Value operation, 
the function value f (t) any time is calculated from* the 
stored values, Net and 6, and the calculated start value, 
S. To find the function value at time, t, the node, N, 
is found with the time closest to but not greater than t. 
As the tree is descended to the time in question, S (N) is 
calculated at each node. The function value at t is 
expressed as: f(t) = S (N) + Net (L) + 6(N), where L is the 
left child of N. If N has no left child, then Net (L) is 
defined to be zero. 

Referring to the example of FIGURES 3 and 4 , to find 
the function value at t = 6, the tree is traversed to 
node B, calculating S (N) for each visited node. Starting 
at the root node, by definition S(Root) = 0. Descending 
to node B, because B is a right child of the root node, 
S(B) = S(Root) + Net (A) + 8 (Root) as explained above in 
connection with FIGURE 2. By substitution, S (B) =0 + 4 
+ (-3) = 1. Expressed less formally, S (B) is the 
function value prior to the subtree under B, i.e., the 
function value just before node B at t = 5 . For the 
function value at node B, t = 6, thus f (t = 6) = S (B) + 
Net(D) + 6(B) = 1 + (-3) +7=5. 

For variations of this example, if the tree were to 
be descended from node B to node D, because D is a left 
child, then S(D) = S (B) =1. To find the function value 
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at t = 5.5, the tree would be traversed to node D. At D, 
f(t=5.5) = S(D) + 0 + 6(D) = 1 + (-3) = -2. 

The Max and Min values are used to perform the 
various Find operations. Find operations are directed to 
5 finding the earliest/latest time at which f(t) is 
greater/ less than y, or to finding the maximum/minimum 
value during a specified time interval. 

In general, the Max and Min values permit 
earliest /latest queries to handle <, >, and £ 

10 predicates. The key to doing this efficiently is that at 
every node, there is a "bounding box" defined by the time 
interval covered by the node's subtree and by the minimum 
and maximum function values that occur within that node 
(relative to the start value for the node) . If the start 
15 value of a node N is S (N) , then somewhere within the time 
interval for the node, there is a maximum value of S (N) + 
Max (N) and a minimum value of S (N) + Min(N). (The 
maximum or minimum might be S (N) itself.) As the tree is 
traversed from the root toward the leaves, S (N) for each 
2 0 node is calculated as well as the minimum and maximum 
function values reached within that node's subtree. 

The bounding box often guarantees whether a time 
satisfying the find query is or is not within a subtree. 
However, in some cases, the bounding box can provide only 
25 a "maybe" . Using the example of FIGURES 3 and 4, a 
"maybe" situation would occur when the query is "find a 
time greater than t = 4 when f(t) > 2 » . At the root 
node, its bounding box indicates that the function value 
reaches 2 sometime between t = 0 and t = 7, but does not 
30 indicate whether this occurs before or after t > 4. 
However, a feature of the invention is the likelihood 
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that a node's bounding box will indicate either u yes" or 
"no" that the solution is in that node's subtree. 

Referring to the example of FIGURES 3 and 4, a Find 
query might ask for the earliest time after t = 4 at 
5 which the function value is > 2. The bounding box for 
the root node includes times from t = 1 to t = 7, and 
function values from a minimum of -2 to a maximum of + 6. 
(If the query were for the earliest time at which the 
function value is > 10, the query would end, because the 

10 solution is outside the bounding box.) Because t = 4 is 
greater than t(Root) = 3, the solution is in the right 
subtree. At node B, the bounding box includes times from 
t = 5 to t = 7. The start value for the subtree at B, 
S(B) # is calculated to be 1, so the function values for 

15 the bounding box at B have a lower bound of -2 and an 
upper bound of 5. (S (N) + Min and Max, respectively). 
Somewhere within the bounding box there is a t > 4 where 
the function value is greater than 2. The search 
continues in this fashion, working down the tree, 

20 checking the bounding boxes at each point. 

Typically, both the Min and Max fields will be 
stored so that both "earliest" and "latest" find queries 
can be solved. However, the invention would be useful 
with only one of these queries available. In this case, 

25 as the tree is traversed, only one bound of the function 
values within the subtree would be calculated. 

Query System for Using the Binary Tree 

FIGURE 5 illustrates a simple query system 50 for 
30 using a binary tree having the above -described structure. 
As indicated above, the system 5 0 may be part of a 
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comprehensive model and query systetn used for scheduling 
and/or planning. For example, system 50 might be part of 
a supply chain planning system. 

The various elements of system 50 are implemented on 
5 a computer, using known processing, memory, and I/O 
devices . 

A user inputs a query, such as one of the various 
queries described above, via a user interface 51. The 
query is provided to a query engine 52, which stores and 
10 executes various algorithms that accomplish tree 
searching and related calculations. During operation, 
engine 52 accesses the appropriate binary tree 52, stored 
in memory. Binary tree 53 may be part of a larger model, 
such as the model 12 described above. 

15 

Use of Binary Tree to Detect Inventory Problems 

One application of the above -described binary tree 

structure is for detection of inventory problems. As 

explained below, either of two time-varying functions may 
2 0 be used to represent inventory. A first function is used 

for "on-hand" queries. A second function is used for 

"safety stock" queries. 

Inventory may be modeled as a "buffer" , which is 

part of model 12. A buffer may be generally described as 

2 5 an object that models the management of the flow of 

material in the supply chain. The items managed by a 
buffer are assumed to be interchangable . 

Items flow in and out of a buffer. Input flows are 
referred to as "producers" , whereas output flows are 

3 0 referred to as "consumers" . The buffer can have 

associated processes to generate consumers and producers, 
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and to provide buffer specification data, such as safety 
stocks, safety times, lot sizing, and timing. Referring 
again to FIGURE 5, system 50 might be used to implement 
the buffer. 

On -Hand Inventory 

For representing on- hand inventory, a function, 
f(t), represents current inventory, that is, the quantity 
"on-hand" in the inventory buffer. This "on-hand" 

function is represented with the above-described binary 
tree structure. Each delta value represents a change in 
inventory quantity, i.e., production or consumption at a 
time t. 

Consumption of material is represented by a negative 
delta node. Production of material is represented by a 
positive delta node. These nodes may be referred to 
herein as consumer nodes and producer nodes respectively. 

Updating the "on- hand" function in response to a 
change in consumption or production can be done in 0(log 
N) time, where N is the total number of quantity changes. 

Negative on-hand detection is performed by searching 
for times when the on-hand quantity value, f(t), changes 
sign. This search requires 0(P * log N) time, where P is 
the number of negative -on -hand periods, and N is the 
number of changes in the on-hand quantity. This is 
possible because it is possible to search the binary tree 
for the next time when the quantity-on-hand value changes 
sign in time proportional to log N. Determining a 
negative -on -hand period uses two searches, one search to 
find the start of the negative on-hand period (where the 
quantity -on -hand falls below zero) and one search to find 
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the end of the negative -on -hand' period (where the 
quantity -on -hand becomes non-negative) . 

A minimum on- hand violation occurs when inventory 
falls below a desired minimum quantity, the minimum- on - 
5 hand quantity. The minimum -on -hand quantity may change 
with time. The minimum-on-hand quantity can be 

represented as a step function, which changes value only 
at a finite number of times. Use of the binary tree 
permits minimum- on -hand violations to be detected in time 

10 proportional to (P+K) * log N, where P is the number of 
minimum- on -hand violations, K is the number of changes in 
the minimum- on -hand quantity, and N is the number of 
changes in the buffer (on-hand) quantity. 

An excess -on-hand violation occurs when inventory 

15 exceeds a desired maximum quantity. These violations are 
detected by searching for times when the on-hand quantity 
crosses a specified maximum- on- hand quantity. Like 
minimum- on -hand searches, this search requires 0((P + K) 
* log N) time. 

20 

Inventory Build-Ahead Requirements 

A second function, m(t) , may be used to represent 
inventory build-ahead inventory requirements. These 
requirements determine build-ahead times for expected 

25 deliveries. A binary tree representing this function can 
be used to detect violations of these requirements. 

Build-ahead requirements can be in terms of minimum 
times. For example, if a delivery is to be made on a 
Friday, a build-ahead requirement could be to have the 

3 0 inventory available the preceding Monday. Thus, the 
minimum build- ahead time is 5 days in advance of 
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delivery. A typical goal of a miriimum build-ahead time 
(referred to herein as a tt min-time w ) is to ensure that 
delivery will occur despite unforeseen interruptions. A 
min-time violation occurs whenever the material on-hand 
5 is not sufficient to cover consumption for the minimum 
build-ahead time. 

Build-ahead requirements can also be in terms of 
maximum times. A maximum build-ahead requirement might 
specify that the inventory should not be produced more 

10 than 10 days in advance of delivery. A typical 

application of such a policy might be the pharmaceuticals 
industry, where products have a limited shelf lire. A 
maximum build-ahead ("max-time") violation occurs 
whenever material is not consumed within a specified 

15 "max -time" after its production. 

The build-ahead time can vary over time. For 
example, a different build-ahead policy might be 
implemented during certain months, such as the month 
before Christmas. Expressed mathematically, a function 

20 M(t) represents the build-ahead at time t. The function 
may be a step function, and can be described by a set of 
ordered pairs <t(i), m(i)>, where M(t) = m(i) when t(i) 
<= t < t (i + 1) . 

A build-ahead safety-stock quantity, S(t), is the 

25 sum of all consumers at times between t and t+M(t). A 
min-time violation occurs when the quantity on-hand, 
Q(t), is less than S(t). 

A binary tree representing build-ahead requirements 
is constructed with producer nodes and consumer nodes in 

30 a manner similar to the on-hand tree described above. As 
with the on-hand tree, these nodes are delta nodes and 
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traversal of the tree involves using nodes to compute the 
value of a time -varying function. A binary tree for the 
detection of min-time violations is constructed so that 
its value, F(t), is equal to the difference between the 
5 on-hand quantity and the build- ahead safety stock 
quantity, that is: 

F(t) = Q(t) - S(t) 
As with the on-hand tree, each node is a delta node. 
Traversal of the tree involves using nodes to compute 
10 F(t) . A min-time violation occurs when F(t) is less than 
zero • 

To construct the inventory requirements tree, 
producer nodes are created in the same manner as for the 
on-hand inventory tree. Thus, for each producer at time 

15 t for quantity q, a delta is inserted at time t for 
quantity q. However, multiple delta nodes may be 

required for a consumer. In the simple case, where the 
min-time is a constant M, it is sufficient to merely 
shift each consumer backward in time by M. For a 

20 consumer of quantity q at time t f a delta node is created 
at time t -M with delta -q. However, if the min-time 
varies, introduction of a new consumer calls for multiple 
delta nodes to be created (or updated) as follows: for 
each i where t(i) <= t < t(i+l) + m(i), a -q delta node 

25 is inserted at time max(t(i) f t-m(i)). If t > t(i + l), 
then a +q delta node is inserted a time t(i + l) . 

The time shifting for consumer nodes can be a "min- 
time" shift or a "max- time" shift, depending on whether 
the tree is to represent minimum build-ahead ( "min- time" ) 

3 0 requirements or maximum build -ahead ( n max- time" ) 
requirements. Because the binary tree for both types of 



BNSDOCID: <WO 0120480A2_I_> 



WO 01/20480 



PCT/US00/24206 



requirements is constructed in the same manner, the time 
shift is referred to herein collectively as an w m-time" 
shift. If the build-ahead requirement is a max-time, the 
m-shift is longer than it would be for a min-time. 
5 Using the inventory requirements tree, where the m- 

times are min- times, for each consuming flow at time t, 
there will be a min-time period i where t (i) <= t < 
t(i + l). This means that the net change to the function 
for a consuming flow of quantity q will be -q. The 

10 function value is the difference between the on-hand 
quantity at time t and the min-time inventory requirement 
at time t. If the function value is negative, there is a 
min-time violation . 

When the m-time is constant, for each consumer of 

15 quantity q at time t, a consumer node is constructed as a 
-q node at an m- shifted time, t - m. However, when the 
m-time varies, each consumer may require multiple -q 
nodes as well as +q nodes at specially calculated times. 
Thus, as explained below by example, for each i where 

20 t(i) <= t < t(i + l) + m(i) , a -q node is inserted at time 
max(t(i), t - m(i) ) . If t > t(i + l), a +q node is 
inserted at time t(i+l) . 

In general, construction of the tree requires 0((C * 
M + S) * log N) time, where C is the number of consuming 

25 flows, M is the average number of m-time intervals 
affected by each consumer, and S is the number of 
producing flows. However, if the m-time is constant, 
construction of the tree requires only O (N log N) time. 

Thus, the inventory requirements tree may be used to 

30 detect "min-time" violations. These violations are 
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detected by searching for times when the function value 
changes sign. 

To detect max- time violations, a binary tree is 
constructed in the same manner as construction of the 
5 min-time tree. A max-time violation occurs whenever the 
function value is positive. 

If an enterprise has both a min-time and max-time 
policy, two trees are constructed. A first tree is 
shifted by min-time (s) and a second tree is shifted by 
10 max-time (s). These trees are then used to detect min- 
time and max-time violations, respectively. 

For both types of m- time violations (min-time and 
max-time, the detection time is 0(P * log N) , where P is 
the number of min-time violations detected. 

15 

Example of Binary Trees for On-Hand Inventory and 
for Inventory Recruirements with Constant M-time 
FIGURE 6 illustrates an inventory flow over a 9 day 
time horizon. There are two consumers and two producers. 
2 0 As stated above, both the on-hand inventory tree and 

the inventory requirements tree have the same producer 
nodes. To construct either binary tree, for each 
producer at time t for quantity q, a delta value of q is 
inserted at time t. For the specific example of FIGURE 
25 6, producer nodes are inserted for the following ordered 
pairs : 

delta time 
6 3 
10 8 

30 
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For the on-hand inventory tree; consumer nodes are 
inserted for each consumer of quantity -q at time t as 
follows: 

5 

delta time 
-5 6 
-7 9 

10 . The inventory quantity on-hand, f(t), at any time 

t results from summing consumer deltas and producer 
deltas up to time t. 

The m-time is a consideration in construction of the 
inventory requirements tree. In the example of FIGURE 6, 
15 the min-time is a constant value of 4 days, throughout 
the 9 day horizon. Because the min-time is constant, 
i=l, only one delta is inserted for each consumer and 
these deltas are negative. Thus, for each consumer at 
time t for quantity q, a delta value of -q is inserted at 
20 shifted times, (t - m) , as follows: 
6(i) t (i) 

-5 6-4=2 
-7 9-4=5 
In a manner analogous to on -hand quantities, the 
25 value of the min-time function, m(t) , can be obtained by 
summing consumer deltas and producer deltas up to time t . 
As indicated by the arrows, a min-time violation occurs 
when the function value is negative. 

In effect, traversal of the tree provides function 
3 0 values that are the difference between the on-hand 
quantity and the quantity that will be consumed m-time 
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ahead. The latter quantity is often referred to as 
"safety-stock" . For example, consider day 5. The 
quantity on-hand is 6 because of the producer on the 3rd; 
The consumers on the 6th and 9th result in a min-time 
5 safety stock of -12. The difference between the on-hand 
quantity and the safety stock is (6 - 12), and this 
negative difference indicates a min-time violation on day 
5. A safety stock quantity at any time t can be obtained 
by subtracting the values of the two functions, f(t) - 
10 m(t) . 

Example of Binary Tree for Inventory Requirements 
with Varying M- times 

The following example represents an inventory flow, 
15 during which the m-time changes. The inventory flow is 
over a period of one month, during which there are three 
different m-times . 

As in the above example, a binary tree can be 
constructed for a function, m(t) , that represents 
20 inventory requirements for build-ahead times (m-times) . 
Suppose that m-time values change as follows: 
dates m-time 
1st - 10th 15 days 

11th - 20th 8 days 

25 21st - 31st 10 days 

These values can be related to the above 
mathematical description, by representing m(t) as the 
following set of ordered pairs, t(i), m(i), i = 1,2,3: 
m(l), t(l) 15, 1 

30 m(2), t(2) 8, 11 

m(3) , t (3) 10, 21 
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Each pair represents a ' step in an m-time 
function, m(t) , which looks like the function illustrated 
in FIGURE 1. Expressed mathematically, m(t) = m(i) for 
t(i) <= t < t(i+l). For example, on t = 3 (day 3), t is 
5 between t(l) and t(2). Thus, m(t) = m(i) = 15. 

As a result of these min- times, on the 1st, material 
is needed on-hand to cover consumption between the 1st 
and the 16th. On the 10th, material is needed to cover 
consumption between the 10th and the 2 5th. In other 
10 words, from the 1st to the 10th, material is needed to 
cover consumption on that day plus consumption for the 
next 15 days. The material needed on a given day may be 
referred to as the "safety stock" requirement. 

Similarly, on the 11th, material is needed to cover 
15 consumption between the 11th and 19th. On the 2 0th we 
need to cover consumption between the 20th and 28th. On 
the 21st we need to cover consumption between the 21st 
and 31st. 

When the min- time changes, the effect of the shifted 
2 0 consumer must be accommodated. For example, because the 
min- time decreases from 15 to 8 days, consumption on the 
22nd affects the safety stock requirement from the 7th 
(22-15) through the 10th, and also from the 14th (22-8) 
through the 22nd, but does not affect the safety stock 
25 requirement on the 11th through 13th. 

To express this symbolically, suppose that the min- 
time value from day B to day E is M days. This is 
another way of expressing an m-time between t(i) and 
t(i+l). A consumer on day D (time t) will affect safety 
30 stock in the period from B to E if D is on or after B, 
but D - M is on or before E; that is, if B <= D and D - M 



BNSDOCID: <WO 0120480A2_I_> 



WO 01/20480 



PCT/US00/24206 



24 



<= E. Expressed mathematically, 'the consumer has an 
effect for each i where t (i) <= t < t(i+l) + m(i) . 

Continuing the example, to model consumption of 9 
units on the 22nd, the following consumer nodes would be 
5 created in the min-time binary tree: 

date delta comment 

7th -9 consumption advanced 15 days 

10 11th +9 end of period with min-time of 15 

days; effect of a shifted consumer 
is canceled when min-time changes 



15 



14th -9 consumption advanced 8 days 

21st +9 end of period with min-time of 8 

days 



21st -9 start of period with min-time of 

20 10 days 

For the given consumer, t = 22 and q = 9. As stated 
above, a -q is inserted for each i where t(i) <= t < 
t(l+l)+m(i). For example, for i=l, t(i)=l, m(i) =15 , and 
25 t(i + l)=ll. The condition is met: 1 <= 22 < "26. The -q 
value for i = l is inserted at max(t(i), t-m(i) ) = max ( 1 , 
22-15) = max (1,7) = 7. This process is repeated for i=2 
and i=3 . 

The +q values are inserted where t > t(i+l). For 
3 0 example, for i = l, 22 > 11. Because this condition is 
met, a +9 value is inserted at t(i+l), i.e., on the 11th. 
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This +q cancels the effect of the -q' inserted on the 7th. 
For i=2, 22 > 21, and a +9 value is inserted on the 21st, 
to cancel the effect of the -q inserted on the 14th. For 
i=3, t(i+l) i£ assumed to be some time in a future of no 
5 interest, and no +q value is inserted. 

Additional Inventory Queries ^ 

A safety stock quantity may be defined as the 
maximum of the minimum-on-hand quantity and the min-time 

10 safety stock. A low-on-hand problem can be reported 
whenever the on-hand quantity falls below the safety 
stock quantity- This requires separately detecting 

minimum- on -hand violation and min-time violations, then 
combining adjacent violations to produce the low-on-hand 

15 times. 

Maximum- on -hand quantity can be defined as the sum 
of the safety stock quantity and the excess -on-hand 
quantity. Detection of excess-on-hand problems is 

performed by separately detecting periods where the on- 

20 hand quantity is greater than the sum of the minimum-on- 
hand quantity and the excess-on-hand quantity, and 
periods where the on-hand quantity is greater than the 
sum of the min-time quantity and the excess -on- hand 
quantity. This yields two subsets of the timeline. 

25 Excess-on-hand over the periods formed by 

intersecting these subsets can be reported. 

Other Embodiments 

Although the present invention has been described in 
3 0 detail, it should be understood that various changes, 
substitutions, and alterations can be made hereto without 
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WHAT IS CLAIMED IS: 

1. A computer -readable medium for storing 
programming operable to provide on- hand inventory data, 
by performing the steps of : 

5 representing the inventory in terms of a function 

that is a series of time value and function value pairs; 

creating a balanced binary tree, each no de of the 
tree having an associated time value and _delta value 
representing a change in value of the function, and each 
10 node storing a producer delta or a consumer delta, with 
each producer delta having a positive value and each 
consumer delta having a negative value; 

accessing the tree in response to a query; and 
using delta values obtained during the accessing 
15 step to determine at least one function value that 
represents inventory quantity at a certain time. 

2. The medium of Claim 1, wherein the accessing is 
performed to search the tree to locate a time value when 

20 the function value changes to a negative value. 

3. The medium of Claim 1, wherein the accessing is 
performed to search the tree to locate a time value when 
the function value drops below a specified minimum on- 

2 5 hand value. 

4. The medium of Claim 1, wherein the accessing is 
performed to search the tree to locate a time value when 
the function value changes to a specified maximum on-hand 

3 0 value. 
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5. The medium of Claim 1, wherein the programming 
further performs the step of output ting data 

representing the function value. 
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6. A system for providing on'- hand inventory data, 
comprising : 

a memory that stores a balanced binary tree that 
representing inventory values in terms of a function that 
5 is a series of time value and function value pairs; 

wherein each node of the tree has an associated 
time value and delta value representing a change in value 
of the function, and each node stores either a producer 
delta or a consumer delta, with each producer delta 
10 having a positive value and each consumer delta having a 
negative value; and 

an engine for accessing the tree, the engine further 
operable to use delta values to determine at least one 
value of the function that represents inventory quantity 
15 at a certain time. 

7. The system of Claim 6, further comprising a 
user interface operable deliver query data to the engine, 
and to provide data output derived from the function 

2 0 value, in response to the query. 
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8. A computer- readable medium for storing 
programming operable to provide inventory requirements 
data, relative to on-hand inventory having a constant 
build-ahead time, by performing the steps of: 

5 representing the on-hand inventory in terms of an 

on-hand inventory function that is a series of time value 
and function value pairs, each the function value 
representing an inventory quantity at a paired time 
value ; / 

10 creating a balanced binary tree, each node of the 

tree storing an associated time value and delta value 
representing a change in value of the function, and each 
node storing a producer delta or a consumer delta, each 
producer delta having a positive value and each consumer 

15 delta having a negative value, and wherein the time 
values of consumer deltas are shifted in accordance with 
the build-ahead time, the tree thereby representing an 
inventory requirements function; 
accessing the tree; and 

2 0 using delta values obtained during the accessing 

step to determine at least one inventory requirements 
function value. 

9. The medium of Claim 8, wherein the build-ahead 
25 time is a minimum build-ahead time, and the process 

determines when the function is negative. 

10. The medium of Claim 8, wherein the build-ahead 
time is a maximum build-ahead time, and the process 

3 0 determines when the function is positive. 
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11. The medium of Claim 8, wherein the programming 
is further operable to output data representing the 
inventory requirements function value. 
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12 . A system for providing inventory requirements 
data, relative to on-hand inventory having a constant 
build-ahead time, comprising: 

a memory that stores a balanced binary tree 
5 representing the inventory requirements in terms of a 
function that is a set of time value and function value 
pairs, each function value representing an inventory 
quantity at a paired time value; 

wherein each node of the tree has an associated time 
10 value and delta value representing a change in inventory 
quantity, and wherein each node stores a producer delta 
or a consumer delta, each producer delta having a 
positive value and each consumer delta having a negative 
values, and wherein the time values of consumer deltas 
15 are shifted in accordance with the build-ahead time; and 

an engine for accessing the binary tree, the engine 
further operable to use delta values to determine at 
least one inventory requirements function value. 

20 13. The " system of Claim 12, further comprising a 

user interface operable deliver query data to the engine, 
and to provide data output derived from the function 
value, in response to the query. 
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14 . A computer- readable "medium for storing 

programming operable to provide inventory requirements 
data, relative to on-hand inventory having varying build- 
ahead times, by performing the steps of: 
5 representing on-hand inventory in terms of an on- 

hand inventory function that is a set of time value and 
function value pairs, each function value representing an 
inventory quantity at a paired time value; 

creating a balanced binary tree, each node of the 

10 tree storing an associated time value and delta value 
representing a change in value of the function, and each 
node storing a producer delta or a consumer delta, with 
each producer delta having a positive value and each 
consumer delta having a positive value or a negative 

15 value; 

wherein the consumer deltas have negative or 
positive values as determined by the relative values of 
the build-ahead times, and wherein the time values of the 
consumer deltas nodes are shifted in accordance with the 
2 0 build-ahead times, the tree thereby representing an 
inventory requirements function; 

accessing the tree; and 

using delta values obtained during the accessing 
step to determine at least one inventory requirements 
25 function value. 

15. The medium of Claim 14, wherein the build- 
ahead time is a minimum build-ahead time, and the process 
determines when the function is negative. 

30 
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16. The medium of Claim 14, wherein the build- 
ahead time is a maximum build- ahead time, and the process 
determines when the function is positive. 

17. The medium of Claim 14, wherein the 
programming is further operable to output data 
representing the inventory requirements function value. 
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18. A system for providing inventory requirements 
data, relative to on-hand inventory having varying build- 
ahead times, comprising: 

a memorV that stores a balanced binary tree 
5 representing inventory requirements in terms of a 
function that is a set of time value and function value 
pairs, each function value representing an inventory 
quantity at a paired time value; 

wherein each node of the tree has an associated time 
10 value and delta value representing a change inventory 
quantity, and each node stores a producer delta or a 
consumer delta, with each producer delta having a 
positive value and each consumer delta having a positive 
value or a negative value; 
15 wherein the consumer deltas have negative or 

positive values as determined by the relative values of 
the build-ahead times, and wherein the time values of the 
consumer deltas nodes are shifted in accordance with the 
build-ahead times, the tree thereby representing an 
2 0 inventory requirements function; and 

an engine for accessing the binary tree, the engine 
further operable to use delta values to determine at 
least one inventory requirements function value. 

25 19. The system of Claim 18, further comprising a 

user interface operable deliver query data to the engine, 
and to provide data output derived from the function 
value, in response to the query. 
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